viding many advantages over traditional genetic approaches. Well-characterized bioactive chemicals and their targets identified in Arabidopsis can be used in non-model species to improve agronomic traits and increase crop value.
Bioactive chemicals have a long history of helping plant physiologists unravel mechanisms, including those involving inhibitors of GA biosynthesis, inhibitors of ethylene action, inhibitors of auxin transport, cytoskeleton-disrupting drugs, and inhibitors of GDP-GTP exchange proteins, just to name a few. However, this approach has also met with strong criticism due to the complexities associated with understanding the action mode of compounds at the molecular level. This is one reason why drug companies must advertise the side effects of the drugs they sell. What has motivated biologists to revisit their interest in small molecules?
While a little more than 10 million pure compounds are known in chemical literature, the potential chemical diversity (defined as the number of unique chemical structures) of compounds composed of carbon, hydrogen, nitrogen, oxygen, sulfur, phosphorous, and the halogens (the organic chemist's periodic table) of molecular weight ,1,000 likely exceeds 10 60 . The compounds that have thus far been tested for effects on plants are therefore only a minute fraction of the structural possibilities. The development of combinatorial and automated techniques for synthesizing novel compounds brought forth significant enhancement in the productivity of chemists and makes the likelihood of synthesizing molecular libraries that are representative of ''chemical space'' much greater. These advances in technology allow a systematic analysis of these chemicals. A more systematic approach means that we discover chemicals that specifically disrupt a process or the function of a protein. Once these chemicals are identified, we can combine their use with genetic screens to identify genes involved in the same process. The use of unbiased libraries of diverse small molecules will allow plant biologists to discover numerous new bioactive molecules valuable for studying the function of uncharacterized plant genes. Importantly, when combined with Arabidopsis functional genomics, chemical genomics is powerful for the effective and efficient analysis of regulatory networks underlying a specific process.
Chemical genomics technologies have been used by industry for a long time. The only academic institutions devoted to this approach with a focus on mammalian cells and microorganisms are the Broad Chemical Biology Platform (former Institute for Chemical Biology) of Harvard University and the National Institutes of Health Chemical Genomics Center (Dobson, 2004) . Chemical genetics approaches have been used to dissect pathways in single-celled systems, including bacteria, yeast, and mammalian cell cultures and in Caenorhabditis elegans and zebrafish. Several studies have shown that identified chemicals can exhibit extremely high specificity toward target proteins. The major challenge in mammalian systems is the identification of target proteins because of the lack of an efficient molecular genetic/genomic approach (Stockwell, 2000) . This problem has been acknowledged by recent approaches to develop knockout collections in mice (Austin et al., 2004) . Several recent reports in the field of plant biology, however, have demonstrated the feasibility of chemical genomics in Arabidopsis (Armstrong et al., 2004; Zouhar et al., 2004; Surpin et al., 2005) , but the approach has not yet been widely accepted by plant biologists.
We argue that chemical genomics has several major advantages when integrated with Arabidopsis genomics/proteomics tools, including the capabilities to: (1) effectively dissect a complex gene network affected by chemicals of interest; (2) rapidly identify their gene targets; and (3) efficiently investigate their mode of action. The reference plant Arabidopsis with its small body size and high seed yield is ideal for chemical screens at various biological levels ranging from subcellular to the whole organism. Arabidopsis offers many unique genetic/genomic tools, including a completely sequenced genome (Arabidopsis Genome Initiative, 2000), whole-genome microarrays, a large collection of knockout and activation-tagged mutations, a rich array of mutants, and the ease of cloning a gene by map-based cloning aided by DNA microarrays. Arabidopsis was invaluable for the identification of receptors for brassinosteroids (Wang et al., 2001 ) and ethylene (Schaller and Bleecker, 1995) , just to name a couple.
Critical to the chemical genomics approach is the ability to screen for mutants resistant or hypersensitive to bioactive chemicals and to identify responsible genes using genomics-based methods. Mutations conferring resistance/hypersensitivity can either affect the target of the chemical, or upstream and downstream components of its target. Once responsible genes are cloned, cognate target proteins may be identified by further studies, such as chemical binding assays. Importantly, mutations in a component upstream/downstream of the target protein will not only give insights into the function of target genes but also provide a new high-throughput method for identifying new genes in the corresponding network. In other words, chemical genomics will enhance the power of existing genomic tools including the large collections of T-DNA insertion lines, from which we can recover mutants with altered chemical sensitivity that otherwise may not exhibit a phenotype (Blackwell and Zhao, 2003) . Thus, the integration of chemical genomics with Arabidopsis genomics provides a strategic advantage and a powerful high-throughput approach for gene network discovery, target identification, and mode-of-action studies.
Of course, it is necessary to use chemical genomics with caution, and the tool has its own limitations. For example, the specificity of the selected compounds needs to be addressed, and possible uptake and metabolism of the compounds may affect the discovery and analysis of bioactive compounds. Consideration of known mechanisms of metabolism suggests strategies for the design of metabolism-resistant small molecule libraries. For example, fluorinated or cyclopropyl compounds that are resistant to cytochrome P450 oxidation are well known. Such oxidationresistant groupings can be used in the construction of chemical libraries to prevent metabolism. This will help assure that mutants that are resistant to a ''hit'' chemical have modified targets (or at least modified proteins in the same pathway). As with any new technology, chemical genomics has its pros and cons. However, we believe that chemical genomics offers a strategy to extend the applicability of functional genomics in plants by addressing issues of overlapping gene function in gene families, lethal loci, and control of dosage-and tissue/development-specific applications.
